We perform excited-state spectroscopy of single self-assembled lateral InGaAs quantum dot molecules embedded in a planar microcavity structure, which are grown using a combination of metal-organic vapor phase and solid-source molecular beam epitaxy. The individual quantum dot molecules (QDMs) consist of two single dots that are coupled along the [110] crystal direction via electron tunneling. By microphotoluminescence excitation spectroscopy, we investigate the presence and structure of the excited states confined in the system using a wide-band tunable Ti:sapphire laser source. We show that the excited states are very similar even for different molecules. We attribute this to the presence of a potential basin below the quantum dots that levels the differences among various QDMs.
I. INTRODUCTION
Coupled semiconductor quantum dots (QDs), so-called quantum dot molecules (QDMs), have been the subject of extensive research throughout the last years because they are promising candidates to unite the suitability of single QDs for the implementation of quantum gates 1 with the necessity of scalability and coupling. 2 Due to the well established growth procedures and the high degree of control of the vertical distance as well as the asymmetry in shape, most reports have discussed vertically stacked QDMs. [3] [4] [5] [6] Recently, the demonstration that the charge state of one QD can have an influence on the occupation of the other tunnel-coupled QD has brought the implementation of a QDM-based two-qubit quantum gate into reach. 7 In comparison to their vertically stacked counterparts, laterally coupled QDMs offer easier optical accessibility and scalability. However, their fabrication is much more complex 8, 9 and, thus not so much investigation has yet been carried out on these kinds of structures. In this paper, we report on the investigation of excited electronic states confined in single self-assembled lateral QDMs, which are embedded in a planar microcavity structure, by the use of microphotoluminescence excitation spectroscopy (μ-PLE). For gaining coherent control over the material system by resonant excitation via higher energetic states 10 and for usage as quantum gates, detailed knowledge about the excited states is of particular importance. In order to further understand the numerous resonances found by μ-PLE measurements, the spectra are experimentally analyzed depending on a lateral electric field applied along the coupling axis and depending on the excitation power.
The studied lateral QDMs are composed of two (In,Ga)As QDs of approximate sizes of 44 nm in diameter and 2.8 nm in height. The typical edge-to-edge separation is around 4-11 nm and the coupling axis is oriented along the [110] crystal direction. 9, 11 Figure 1(a) shows an atomic force microscopy (AFM) image of the sample before capping. The fabrication of these QDMs was achieved in two steps. In order to fabricate a planar cavity, firstly, multiple layers of AlAs/AlGaAs distributed Bragg reflectors were grown using metal-organic vapor-phase epitaxy. Secondly, after depositing a buffer layer of GaAs the lateral QDMs were fabricated by a combination of solid-source molecular beam epitaxy and in situ selective etching with AsBr 3 . A layer of low density (10 8 cm −2 ) QDMs was grown 8, 9, 11 enabling for single molecule spectroscopy, followed by an annealing step to blue shift the emission energy. 12 One single reflector pair of AlAs/AlGaAs on top of an additional buffer layer finishes the λ cavity. This structure led to an enhancement of the QDM photoluminescence (PL) extraction efficiency by a factor of up to thirty. 13, 14 To control the emission properties of the QDMs, lateral electric fields along the molecules' coupling axes can be applied. For this purpose, gold electrodes were lithographically processed on top of the sample structures. An inherent property of the QDMs originating from the growth process is the existence of a basin below the two single QDs that make up the QDM, which is Indium rich with respect to the surrounding barrier, but has a lower Indium content than the QDs. 11 The presence of this basin has been deduced from selective etching of InAs and subsequent AFM analysis as the QDM spatial density is too low to perform cross-sectional transmission electron microscopy. We believe that this basin plays a major role in the coupling and hybridization of the QDM states.
II. EXPERIMENT
For optical experiments at liquid Helium temperatures (4 K), the sample was mounted in a Helium flow cryostat in a confocal microscopy setup to perform micro-PL (μ-PL) spectroscopy on single QDMs. Excitation was provided by a wideband tunable Ti:sapphire laser in continuous wave operation under nonresonant excitation into the wetting layer (WL) at an excitation energy of around 1433 meV. The PL was dispersed using a 0.55 m spectrometer with a 1200 lines/mm grating and detected with a Silicon charge coupled device (CCD) camera. For the investigation of the excited state structure of the lateral QDMs, we used the following measurement scheme. The spectrometer was used as monochromator to select one of the excitonic emission lines, which had been determined by μ-PL under nonresonant WL excitation as aforementioned. The spectral width of the detection was set to about 150 μeV by adjusting the spectrometer exit slit. Subsequently, we gradually tuned the excitation energy of the employed wide-band tunable Ti:sapphire laser from nonresonant excitation via the WL down toward the respective excitonic s-shell emission line in steps of about 170 μeV while monitoring the luminescence from the respectively selected exciton using single-photon counting with an avalanche photodiode (APD). This sequence was repeated for various voltages and, thus, lateral fields along the QDM axis. A possible quantum-confined Stark effect caused by the lateral electric field was compensated for, at each field-setting, by adjusting the spectral position of the detection. The line can shift within the detection spectral width during a PLE measurement that becomes clear when comparing the spectra under quasiresonant and nonresonant excitation. Excited states as well as phonon resonances excited during this scan result in enhanced emission from the respective excitonic s-shell transition, denominated as X1 and X2, which was selected for detection. The population of the s-shell state mostly happens by nonradiative carrier relaxation processes from these higher energetic states, which can, e.g., be mediated by phonon scattering. 15 For the suppression of stray light, we spatially and spectrally filtered the PL with a pinhole and a suitable set of dielectric long-pass filters.
III. RESULTS

A. PL and PLE measurements
Typical QDM PL spectra, which were obtained under lowpower excitation, consist of two lines, X1 and X2, which we attribute to neutral excitonic recombination from the excitonic s-shell ground states. By applying a lateral electric field along the molecular coupling axis, the PL intensity can be seamlessly and reversibly switched between these two lines [see Figs. 1(b) and 1(c)]. This behavior is attributed to the specific capture process for electrons and holes. 16 Depending on the excitation power, also biexcitonic emission and emission from charged excitons can be observed. The main optical properties of the sample under investigation are described in Refs. 9 and 13. Besides field-and power-dependent measurements, the characterization therein includes single-photon cross-correlation measurements to prove that the observed lines originate from one and the same single-photon emitting molecule. Figure 2 shows PLE spectra recorded from two different QDMs with quite different ground-state energies. The corresponding PL spectra, obtained under nonresonant excitation, are shown in blue on the low-energy side of the PLE spectra. We first focus on the comparison between PLE spectra recorded on the lines X1 and X2 for one and the same molecule. It is obvious that the resonances found for X2 in most of the cases are considerably weaker than for X1. Very interestingly, however, the main resonances can be found at exactly the same energies within the accuracy provided by the laser scan (≈170 μeV). This holds for both molecules displayed in Fig. 2 . Only some rather small resonances marked by PH show different position similar to the separation of the exciton emission energies for the lines X1 and X2. This suggests that these resonance peaks might be related to phonon assisted processes, i.e., the emission of an optical phonon together with the corresponding exciton ground-state absorption. These resonances are located approximately 36 meV above the exciton ground states, which coincides with the low-temperature energy of the GaAs LO phonon. 17 However, clear identification is difficult because the phonon resonances suffer from considerable broadening in composite material systems built of many different layers of semiconductors, e.g., due to strain. 18 The spectra of the two molecules shown in Figs. 2(a) and 2(b) show considerable differences in the exciton s-shell state energies of more than 10 meV. When we compare the PLE spectra of different molecules, the excited states are always found at very similar energies with only little energetic variation. The strongest resonances differ by less than 1.5 meV. A much stronger difference would be expected for such very different QDMs, if the excited states were dominated by the properties of the individual dots on top of the basin. This leads to the assumption, that the excited states are not localized in the QDM but in the basin as shown in Fig. 3(b) . This basin can be assumed to be rather homogeneous for the different QDMs from the etching and overgrowth procedure. This can provide the appearance of a balancing effect, leading to very similar resonances for molecules with very different ground states. Further evidence for this scenario is given below. Figure 4 shows the voltage dependence of the PLE signal for QDM 1. The measurements were performed at electric fields where the PL signal exhibits the switching between the excitons X1 and X2. The spectra show no shift of the resonances within the experiment accuracy that indicates a rather small quantum-confined Stark effect. This means, the interaction between electron and hole is quite strong, corresponding to a large exciton binding energy, and the exciton is only very weakly polarizable. This is in contrast to the predictions derived from the model described in Ref. 16 , where more significant Stark shifts were calculated for the excited excitons. Most of the resonances show no change in their intensities for different applied voltages. However, the PLE signal is generally stronger for the measurements on X1 than for those on X2.
B. Voltage and power dependence
Moreover, we performed detailed voltage-and powerdependent measurements for quasiresonant excitation using the strongest resonance marked by the green box in Fig. 2 . In this case, the laser was tuned to the resonance and the PL spectrum was detected using the CCD camera of the spectrometer. From the very detailed voltage-dependent measurements, which are shown in Fig. 5(a) , one can observe zero-field PL from X1 and also from X2, which is distinctly weaker. Application of the electric field leads to a fading of both resonances. No clear switching between the excitons can be observed, in contrast to the case of nonresonant excitation. Moreover, the luminescence intensity cannot be recovered by scanning the laser to a slightly different wavelength around the original resonance, which is fully consistent with the fact that the higher energy resonances show no spectral shift in PLE as indicated by Fig. 4 . Other interesting observations are revealed by the power-dependent measurements under quasiresonant excitation shown in Fig. 5(b) . Note that in this case, excitation was provided with the Ti:sapphire laser in pulsed mode with pulses of a duration of 3 ps and a repetition rate of approximately 76 MHz corresponding to a pulse separation of about 13 ns. Starting at low values, a gradual increase of the excitation power leads at first to the effect that the X1 and X2 recombination lines gain in intensity with X1 dominating the spectrum. This continues until the line X1 begins to saturate and its respective biexciton XX1 as well as the exciton X2 become more prominent in the spectrum. X1 eventually fades in intensity while the biexciton XX2 and the charged excitons Y and Z become visible. Both biexcitons, XX1 and XX2, however, gain only very weakly in intensity. The identification of XX1 and XX2 as the two biexcitons in the corresponding neutral biexciton-exciton cascades is shown elsewhere. states, X1 and X2, are rather strongly localized in the respective QDs forming the QDM but the excited states, or at least some of them, are assumed to be localized in the basin below the QDM. This situation is illustrated in Fig. 3(b) . If the excited states are located in the basin, we can assume that electron and hole wave functions have a very good overlap and thus show strong Coulomb interaction and weak polarizability as well as the possibility for nonradiative relaxation to both exciton ground states. Such relaxation of these excited states via nonradiative decay paths leads to population of the lowest energetic exciton ground state X1, however, with a persisting probability of relaxation to X2. This can intuitively be attributed to the thermal distribution corresponding to the experiment temperature and the states' energy separation. Moreover, the relaxation to an indirect exciton is possible with an increasing probability for rising electric field strengths. Indirect exciton refers to a configuration where electron and hole occupy different dots with a vanishing wave function overlap and thus to an optically inactive state. 16 Consequently, the enhanced relaxation probability to such dark states results in a fading of the direct exciton emission intensities in the voltage-dependent spectra under quasiresonant excitation [see Fig. 5(a) ]. Please note, that this scenario is of fundamental difference compared to the case of nonresonant excitation, where we assume that electron and hole enter the structure independently. In the latter case, the electron enters the QDM first and relaxes to the lowest state. It is delocalized in the QDM and will be found in either QD of the QDM depending on the external lateral field. When the hole enters the structure it forms a bright exciton predominantly in the dot where the electron is localized. 16 The hypothesis of basin-localized excited states is supported by the power-dependent measurements [see Fig. 5(b) ] obtained under pulsed excitation conditions. We can assume that during one excitation cycle, depending on the power, we excite either zero or one single electron-hole pair unless relaxation would happen on a subpicosecond time scale. For holes this has been observed 19 and is attributed to efficient optical phonon and electron-hole scattering. These mechanisms, however, can be excluded at the energies of the resonances found by μ-PLE due to the so-called phonon bottleneck. 20, 21 In fact, rather large excited state lifetimes can be expected, as optical phonon emission is forbidden for the relaxation from the excited states found in μ-PLE to the ground state, because these states' energetic separation is much below the LO-phonon energy of 36 meV. For single QDs excited-state lifetimes longer than 40 ps have been reported. 22 Considering the relaxation of an electron-hole pair to the exciton ground state, two scenarios are possible. In the first scenario, the exciton in the excited state relaxes to one of the direct excitons, X1 or X2, where electron and hole occupy the same QD. The radiative recombination from these states typically happens on the time scale of a nanosecond. 15 The other possibility is the relaxation to an indirect exciton where electron and hole occupy different dots. The probability of radiative recombination of these indirect excitons within one excitation cycle (13 ns) is very small due to the vanishing overlap of the charge carriers' wave functions. To avoid confusion with vertically stacked QDMs and as highlighted by the labels (L, R) in Fig. 1 we will, in the following discussion, refer not to top and bottom QD but to left (L) and right (R) QD. We now assume the left QD of the QDM to be a little larger than the right QD (see Fig. 3 ), leading to the lower energy (X1 and XX1) emission from direct excitons and biexcitons occupying this dot. There are two possible indirect charge carrier configurations for the exciton. The first one with the electron in the left and the hole in the right QD and the second one, vice versa, with the hole in the left and the electron in the right QD. The first situation is energetically favorable because of the applied external electric field and electron tunneling is strongly inhibited. 15 The latter configuration, in contrast, would lead to a quick tunneling of the electron to the left dot and to subsequent recombination of X1 for the field chosen in the measurement. For the case of low excitation powers, this leads to stronger emission from X1 compared to X2 in the PL. When we now increase the excitation power, we get an increasing probability, that a second exciton is generated in one of the following excitation cycles. We start with the indirect exciton configuration with the electron in the left and the hole in the right dot, which is the most probable configuration, because it is a dark state with very low tunneling probability, which can thus persist relatively long without radiative recombination. The second exciton, which is excited in the basin, shows very little spatial overlap with the indirect exciton ground state, which is composed of charge carriers strongly localized inside the dots. For this reason, the excited state energy is not much renormalized and thus photon absorption remains possible at the same excitation energy. This gives further evidence for the model we have presented in Fig. 3 . Relaxation of this second excited-state exciton to the ground state would lead to the formation and subsequent radiative recombination of charged excitons, Y or Z, if both carriers relax to the same QD (left or right). These lines are highlighted correspondingly in Fig. 5 . Thus we obtain an enhancement of the charged exciton emission. As the indirect exciton still persists in the QDM, this leads to further reduction of the X1 PL intensity with increasing excitation power. In the afore considered charged configurations, the left dot always contains an excess electron with the corresponding hole in the right QD. Due to Coulomb repulsion, this further enhances the tunneling process of the electron from the indirect pair to the right QD and therefore the X2 PL intensity. Due to the short lifetime of the direct excitons compared to the temporal separation of 13 ns of subsequent excitation pulses, there is only little probability to directly excite a biexciton starting from the direct exciton configurations, X1 and X2, leading to only weak emission from the direct biexciton in the cascades XX1-X1 and XX2-X2. The integrated intensities of the spectral lines therefore show a dominance of the charged states, Y and Z, over the biexcitons, XX1 and XX2, for higher excitation powers. This model, although explaining the observed behavior and characteristics of the QDM excited states, differs from what has been previously predicted by theory. 16 This is due to the fact that only little is known about the real material composition of the basin below the QDs forming a QDM, which could lead to a strong deviation from the potential landscape that has been assumed so far in the theoretical calculations. A different potential landscape, however, could lead to a completely different set of exciton states in the QDM and may even lead to a separation of exciton states located in the dots of the QDM and exciton states strongly localized in the basin. A possible scenario for such a potential would be a basin that shows a gradient in its In content from the side walls to the center, providing a higher and larger potential wall with respect to the dots of the QDM and a stronger confinement for charge carriers in the basin. The model for the excited states and the evolution of the system is, however, not only supported by the voltage-and power-dependent measurements on the QDMs but also by the comparison between the spectra of different QDMs. It furthermore matches quite well the findings discussed in Ref. 15 , which indicates the presence of indirect exciton states and tunneling dynamics based on experiments using time-resolved spectroscopy.
V. SUMMARY
In summary, we have presented detailed excited-state spectroscopy of single self-assembled lateral InGaAs QDMs embedded in a low-Q planar cavity structure by using μ-PLE under an applied lateral electric field. This lateral electric field has an impact on the QDM luminescence under nonresonant excitation, which especially manifests itself in a relative switching of the PL line intensities; however, its impact on the excited states is much less pronounced. The lines show no spectral shift under lateral fields within the experimental 115304-5 resolution of 170 μeV indicating very low polarizability of the involved excited exciton states. A fading of the luminescence intensities from the excitonic ground-state recombination can be observed for lateral fields, however, no switching between the luminescence of the two neutral excitons occurs unlike the case of nonresonant excitation. The comparison of the determined resonances with those of other molecules, leads to the assumption that for the QDMs under investigation a common set of basin-localized excited exciton states exists. We assume that the excited states are dominated by the presence of a basin below the QDs forming the QDMs, which is Indium-rich compared to the barrier but contains less Indium than the QDM material. These findings together with future investigations of the coherence times of the excited states may have a major impact, when aiming on coherently controlling the coupled QDM system.
